The human intraparietal sulcus (IPS) is implicated in processing symbolic number information and possibly in nonsymbolic number information. Specific IPS activity for discrete quantities (numerosities) as compared with continuous, analogue quantity has not been demonstrated. Here we use a stimulus-driven paradigm to distinguish automatic estimation of ''how many things'' from ''how much'' and ''how long.'' The discrete analogue response task (DART) uses the perception of hues which can change either abruptly (discrete, numerous stimuli) or smoothly (analogue, nonnumerous stimuli) in space or in time. Subjects decide whether they saw more green or more blue. A conjunction analysis of spatial and temporal conditions revealed that bilateral IPS was significantly more active during the processing of discrete stimuli than during analogue stimuli, as was a parietal-occipital transition zone. We suggest that processing numerosity is a distinct process from processing analogue quantity, whether extended in space or time, and that an intraparietal network connects objects' segmentation to the estimation of their numerosity. discrete stimuli ͉ magnitude processing ͉ nonsymbolic numerical processing ͉ numerosity ͉ analogue stimuli
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udgments involving symbolic numbers systematically activate the intraparietal sulcus (IPS) area (see ref. 1 for a review). However, two fundamental questions are still unresolved: First, is the IPS engaged in nonsymbolic numerical representation? Second, does the IPS represent the numerosity of sets of discrete objects in the same way as it represents analogue quantities? Of course, a set of discrete objects will have analogue properties that extend in space or in time, such as area, perimeter, and duration, but they are distinct from the abstract property of the numerosity of the set, i.e. how many objects are in it. Our experimental question focuses on whether we can identify a specific neural response tuned to the ''numerosity parameter'' (1) of the stimulus by using nonsymbolic information.
There is considerable evidence from neuroimaging studies to indicate that the IPS is involved in processing symbolic numerical information with tasks that depend on the perception of Arabic digits or number words, or which require a number-word response (2) (3) (4) (5) (6) (7) . A few studies have combined digits with nonsymbolic stimuli or nonnumerical dimensions. For example, IPS is activated during target-detection tasks by using Arabic digits compared with letters and colors (8) . It is also activated in direct proportion to the difficulty of a comparison task based on the size and the luminance of Arabic digits (9) . Left IPS is activated during a magnitude comparison task that included Arabic digits, lengths, and angles (10) . A recent study based on the perception of digits and nonnumerical stimuli, i.e., scrambled digits, has suggested that numerosity is represented in the parietal cortex; however, in the context of actions made in response to the numbers, magnitude and action representations might be closely linked (11) .
However, the few functional MRI (fMRI) studies investigating specific IPS involvement in nonsymbolic quantity processing have yielded apparently conflicting results (12, 13) . For example, a recent study showed fMRI adaptation in the horizontal segment of IPS during passive viewing of discrete numerosities in the form of a fixed sets of dots, from 8 to 32 (12) , but, in another study, the IPS showed no difference in activation during the numerical tasks and their control tasks: number and color comparison of two arrays of dots, passive viewing of sets of different shapes varying in numerosity, and number and color comparison of dots in an array with ''flashes'' of a single dot (13) .
How can these discrepant results be explained? One possibility is that the precise activation of the IPS depends on the tasks being performed and contrasted, so that commonalities are difficult to find across different studies. This view is supported by the observation that specialized intraparietal neural populations are differently branched and layered between subjects (14) , and that the spatial resolution of fMRI may not be able to separate distinct but intertwined neural populations. Furthermore, single cell recording in monkeys showed that only 10-20% of all IPS neurons respond to displays of different numbers of dots (15). We sought to address this problem by adopting an approach aimed at tapping a core, nonsymbolic, numerosity processing keeping the task constant but exploiting stimulusdriven differences in activation. We reasoned that IPS systems might respond automatically to stimulus properties; that is, equal activation might occur for any number, i.e., salient stimulus, independent of attention or task. Our question was as follows: Is there a specialized system in the IPS that responds automatically to the stimulus property of being numerous as compared with the more general property of being extended? That is, is there a specialized system that responds to ''how many'' as compared with ''how much'' by using nonsymbolic stimuli?
Previous neuroimaging studies investigating nonsymbolic numerosity have manipulated the area of the displayed stimuli, dots or shapes, to control for nonnumerical quantity processing. However, the stimuli have always been presented as discrete objects, hence numerous, in both the experimental and control conditions. In addition, although the importance of investigating whether numerosity is coded for both simultaneously as well as sequentially presented stimuli has been stressed in the past (16, 17) , previous studies have not ensured that the numerosity task was independent of type of presentation. Therefore, the challenge for creating a paradigm for numerosity processing was to find a stimulus dimension that can be displayed as either numerous or nonnumerous, either in time (sequentially) or in space (simultaneously). Colors have these following properties: They can be displayed either as discrete, hence numerous, or as analogue, hence extended in time or in space.
Our experimental paradigm, discrete analogue response task (DART), requires the participant to judge whether there is more blue or more green in the display. The amount of blue and green can be varied continuously or as discrete areas of blue and green. In ''analogue'' conditions, the relative amount blue and green can be assessed only in terms of analogue quantities (how much blue vs. how much green). However, in the discrete conditions, the assessment can also be made on the basis of numerosity (how many discrete blue rectangles vs. how many discrete green rectangles). In addition, both analogue and discrete displays can be presented in spatial and temporal modalities by using the same stimulus manipulations (see Methods for details and Fig. 1 ). We can also manipulate the ratio of the amount of blue and green, varying from easy (e.g., 5 green to 15 blue) to more difficult (e.g., 9 green to 11 blue), allowing for investigation of a difficulty effect within the intraparietal region, as suggested by studies of numerical comparison tasks (9, 18, 19) . We stress that the logical relationship between numerosity and extent is asymmetrical; that is, discrete stimuli have both numerosity and analogue extent, whereas analogue stimuli have only analogue extent. Thus, DART can reveal brain areas showing an additional effect of numerosity over analogue quantity but not those areas responding to analogue quantity over numerosity.
Results
Behavioral Data. Subjects gave correct responses for 86% of the stimuli (Fig. 2a shows accuracy score for each condition and difficulty level). (For technical reasons, the complete accuracy data from two subjects were not available for analysis, and the behavioral analyses were conducted on ten subjects.) There was no significant difference between correct score (max, nine correct responses in each condition) for discrete stimuli (88%) and for analogue stimuli (83%) [discrete mean ϭ 7.9 (SD ϭ 1.6) vs. analogue mean ϭ 7.5 (SD ϭ 1.6); mean comparison, F ϭ 5.1, P Ͼ 0.05)] or for the temporal͞spatial presentation [temporal mean ϭ 7.45 (SD ϭ 1.6) vs. spatial mean ϭ 7.5 (SD ϭ 1.6); mean comparison, F ϭ 5.1, P Ͼ 0.05]. A further analysis showed that subjects' accuracy differed over the five difficulty levels (F (1, 4) ϭ 35.8, P Ͻ 0.001), which refer to the ratio between the two colors: 5:15 (i.e., easiest), 6:14, 7:13, 8:12, and 9:11 (most difficult). In particular, subjects gave fewer correct responses as the difficulty level increased [5: 15, mean ϭ 8.45 (SD ϭ 1.2); 6:14, mean ϭ 8.25 (SD ϭ 1.2); 7:15, mean ϭ 8.05 (SD ϭ 1.5); 8:12, mean ϭ 7.55 (SDϭ 1.4); 9:11, mean ϭ 6.33 (SD ϭ 1.6); and F ϭ 55.9, P Ͻ 0.0001].
Analysis of 12 subjects' reaction times (RTs) (in ms) revealed the following difference in the temporal͞spatial display (F (1, 11) ϭ 115.3, P Ͻ 0.0001): temporal stimuli (mean ϭ 715.4, SD ϭ 155) evoked slower response than spatial stimuli (mean ϭ 489.7, SD ϭ 187). In addition, subjects' RTs differ along the difficulty levels (F (1,4) ϭ 9.27, P Ͻ 0.0001). In particular, RTs increased linearly as the magnitude distance between the two colors decreased as follows: 5:15 (mean ϭ 562.3, SD ϭ 188); 6:14 (mean ϭ 551.7, SD ϭ 209); 7:13 (mean ϭ 588.4, SD ϭ 203); 8:12 (mean ϭ 651, SD ϭ 195); 9:11 (mean ϭ 718.7, SD ϭ 203) (F ϭ 53.6, P Ͻ 0.0001). There was no significant interaction between the degree of difficulty and the stimuli type (analogue vs. discrete) in subjects' RTs (F (1, 4) ϭ 0.72, P ϭ not significant). Fig. 2b shows subjects' RTs for each condition and each difficulty level.
Neuroimaging Results. Random effects analysis of neuroimaging data were carried out to evaluate common and differential areas of response during processing discrete vs. analogue stimuli in the temporal and spatial presentations. A mixed effects analysis was carried out treating subject as a random variable. This analysis was implemented by using a two-stage summary statistic approach. In particular, subject-specific contrasts were developed at the first level and then entered into a second level analysis. Thus all inferences are made about the population from which the subjects are (assumed randomly) drawn.
Because of our a priori hypothesis regarding the role of the IPS (see Identification of Activation Loci) on number processing, we looked at bilateral intraparietal areas without correction for multiple comparisons. A conjunction analysis [(discrete temporal Ͼ analogue temporal) ٙ (discrete spatial Ͼ analogue spatial)] revealed, as predicted, a bilateral activation along the length of the IPS including the most caudal IPS area, spreading into the transverse occipital sulcus region (Fig. 3) . The parametric analyses revealed a linear increase in activation with increasing task difficulty in both spatial and temporal numerosity processing (discrete Ͼ analogue) ( Table 1) . As predicted, the IPS region was activated more as the difference between the two colors decreased (e.g., from 5 greens and 15 blues to 9 blues and 11 greens). In particular, the difficulty of the numerosity estimation in space affects the activation in the bilateral IPS, whereas the difficulty of the numerosity estimation in time affects the activation of right IPS extending into the postcentral sulcus (Fig. 4) . No other activations with a level of significant P Ͻ 0.05 corrected for multiple comparisons (FamilyWise Error; FWE) have been found during numerosity comparison.
Discussion
The starting point of the present experiment is the automatic tendency of humans to estimate the numerosity of any set of entities, whether homogeneous or heterogeneous, extended in time or in space (see refs. 20 and 21 for reviews). We distinguished two types of quantity processing in an effort to clarify the nature of the representations involved in relative magnitude judgements: numerosity estimation, based on the perception of countable discrete stimuli, and extent estimation, based on the perception of uncountable analogue entities. Extent processing acted as a control condition for numerosity processing. We used a visual paradigm, the DART that presents matched pairs of discrete and analogue stimuli displayed both simultaneously and sequentially.
We showed that specific estimation of numerosity activates bilaterally the IPS by using nonsymbolic stimuli alone, in both temporal and spatial modes of display. The greatest challenge in mapping parietal cortex is that many of the functions that it probably subserves, such as shifting and maintaining attention, directing eye movements, using working memory (23), in addition to number-processing tasks, are a vital component in many cognitive tasks (22) . Given the architectonic complexity of the human intraparietal neurons (14) , the limitation of fMRI techniques (16, 24) , and contrasting findings relative to IPS involvement with nonsymbolic number information (12, 13) , it is possible that the precise activation of this area depends on the tasks being performed and contrasted. We were able to exclude condition-dependent task difficulty as a factor in the IPS acti- vation, because the task was held as far as possible constant in the paradigm by using the neutral question ''more green or more blue?'' for all four tasks. Overall, the difficulty of task for the extent stimuli and the numerosity stimuli were equivalent as measured by response accuracy. In addition, we are able to exclude the possibility that the IPS activity is because of the obvious visual differences between temporal and spatial presentations by making a ''cognitive conjunction'' (25) and considering only the higher-order feature of the stimuli, namely, being countable or not countable, whether extended in time or in space.
However, it can be argued that subjects might be using a nonnumerical intermediate perceptual representation as a basis for magnitude comparison. We are able to rule out this hypothesis because blood oxygenation level-dependent activity in the horizontal segment of the IPS (hIPS) and postcentral sulcus increased as the difficulty of the estimation task increased during the discrete stimuli processing (i.e., numerosity) compared with the difficulty of the estimation task during analogue stimuli processing (i.e., extent). This finding indicates that the anterior region of IPS is engaged by the numerosity properties alone, and that its activity is modulated according to the changes in the numerical ratio of the stimuli. This finding replicates previous studies with numerical comparison tasks where the distance effect (i.e., it is easier and quicker to select the larger of two numbers when they are numerically dissimilar than when they are similar) (26) revealed activation in bilateral hIPS (1, 9) .
We report activation along the length of the IPS including its most caudal extent spreading into the transverse occipital sulcus region. This visual region has not been fully characterized in other studies (24) . However, human neuroimaging has identified this area during object matching and grasping as well as during discriminations of object size and orientation (24, 27) . Interestingly, single cell recordings in the monkey parietal lobe indicated that most of the neurons that respond to numerosity displays are located in the ventral area of the IPS (16). As noted above, we have excluded specific low level visual aspects of the discrete stimuli by use of the conjunction, and so we deduce that we have identified a high-level visual feature to which this area is sensitive. It is important to note that in the parametric analyses, we could find no evidence that this caudal region was sensitive to manipulating the relative proportions of the blue and green stimuli. This result supports the contention that this region is concerned with segmenting the scene into discrete objects but not with estimating numerosity. Because we were not able to record eye movements in the scanner during the four conditions, we cannot quantify or characterize saccade differences contributing to this increased activation during discrete stimuli processing vs. analogue stimuli processing. We can speculate that this region serves as a ''location map'' that, in some computational models of numerosity extraction, serves as a first step of object segmentation before numerosity estimation (28) . The concept of a countable entity can be therefore defined as a thing that firstly must be segmented from the background and only then can it be counted or numerically manipulated. It seems therefore that a wide range of properties of the world is processed along the length of the IPS, beginning with segmenting the visual scene into objects and proceeding to representing their number. The concepts of object and of countability are clearly related, and our findings therefore suggest that regions responsible for the representation and processing of numerosities may be built from the perception of ''objecthood.'' How can the specificity of a numerosity system be justified as one of the functions that the parietal cortex subserves? It has been argued by Walsh (29) that the inferior parietal cortex (IPC) is the site engaged by a common magnitude system, which encompasses estimation of time, space, and quantity. No distinction is made between numerosity and extent, that is, countable and uncountable quantity. The hypothesis of a general magnitude system is based on the view that the linking function of the parietal cortex is to extract the information about the external world for representing the coordinates of action. Thus, according to Walsh, the competence of the IPC, rather than computing ''where'' in space, is computing ''how far, how fast, how much, how long, and how many with respect to action'' (ref. 29, p. 486 ). The present study provides a complementary evidence for a subregion of the magnitude system located along the IPS, which is more active during discrete quantity estimation, both in time and in space, than during analogue quantity estimation. These findings support the view of a functional parcellation of a magnitude system that, in turn, may reflect the architectonic differentiation of the cortex lining the IPS (15, 30). Future investigations are needed to clarify differentiations within IPS neural populations.
Interestingly, Walsh (29) points out that it would be maladaptive for the infant brain not to use a common metric for estimating time, space, and quantity because experience teaches the infant that there is a covariance of time, space, and quantity in the physical world. However, we further speculate that this covariance may represent a confound for correct numerosity judgements. Numerosity abilities in infants have been investigated by using control tasks based on perception of continuous extent (31) . However, these tasks suffer the same limitations of past neuroimaging studies: The stimuli for the control condition are presented as discrete objects, hence numerous. Further investigations are needed to determine whether a differentiation between two different systems, numerosity and extent, develops with experience. We propose that an exact representation of numerosity seems to better capture our intuitive understanding of numerosity, because it maps directly onto lower level perceptual processes (e.g., object identification) and enumeration procedures (e.g., subitizing, counting).
In conclusion, the present study made a clear distinction between discrete and analogue quantities and compared them directly by using nonsymbolic stimuli. We suggest that the fundamental ability to compare magnitudes evolved from the capacity to extract information about the discreteness of a scene. An object can be defined as an entity that can be segmented from a background and can also be thought of as a countable entity. Our findings reveal a network along the length of the IPS that connects object segmentation to the estimation of numerosity during a magnitude comparison task.
Methods
Subjects. Twelve neurologically healthy subjects (4 females and 8 males; mean age, 24.0 years; range, 18.0-34.1 years), all but one right-handed, gave written informed consent according to procedures approved by the National Hospital and Institute of Neurology Ethics Committee (London).
Experimental Design. The DART visual stimuli were presented both sequentially (in time), as discrete entities (DT) or analogue stimuli (AT), and simultaneously (in space), as discrete entities (DS) or analogue stimuli (AS) (see Fig. 1 ). The stimuli were presented in nine blocks of four conditions (DT, AT, DS, AS) for each of the five difficulty levels (in a randomized order).
Stimuli Presentation. Each stimulus was presented on a screen situated outside the scanner and projected onto a mirror 30 cm above subjects, subtending a visual angle of Ϸ10°. The stimuli were created with MATLAB (MathWorks, Natick, MA). The stimulation consisted of a rectangle filled with blue and green hues. The background was gray. The stimuli of all four conditions were shown at the same location, within the rectangle. The four conditions differed as function of the type of presentation (in time and in space) and of the type of transition between each hue (abrupt or continuous). Twenty hues in total were presented for each condition. The difficulty of the ''more blue or more green?'' judgment was controlled by varying the ratios of the amounts of the two hues: 5:15 (easier), 6:14, 7:13, 8:12, 9:11 (more difficult). Within each block, the higher ratio was counterbalanced between the two colors. The speed and the randomization of the presentation were designed to prevent explicit counting of the two sets of hues, as confirmed by subjects' report at the end of the experiment.
Stimuli Presentation in Time (Sequential Presentation).
In the discrete condition, the interstimulus interval of each hue varied randomly from 150 to 400 ms, so that subjects perceived the visual signal as a sequence of twenty blue and green squares appearing at irregular intervals ( Fig. 1 Upper Left) . In the analogue condition, the transition between the 20 different hues included a fixed number of intermediate steps so that subjects perceived a continuous light changing from blues to greens ( Fig.  1 Upper Right). The intermediate steps between the 20 blue and green squares were created by a MATLAB program to assure the perception of a smooth transition between each pair of squares.
The average duration of the display of both discrete and analogue stimuli in the temporal presentation was of 9 s plus a 3-s window within which the subject had to respond.
Stimuli Presentation in Space (Simultaneous Presentation).
In the discrete spatial condition, the hues were presented as a rectangular grid composed of blue and green rectangles (5 ϫ 4) of irregular size separated by gray background (Fig. 1 Lower Left) . In the analogue spatial condition, the hues were presented as a single large rectangle composed of blurred blue-to-green areas that correspond to blurred versions of the discrete spatial configuration (Fig. 1 Lower Right) . The average duration of the display of both discrete and analogue stimuli in the spatial presentation was of 0.6 s plus a 3-s window for forced choice response.
Instructions. The subjects were instructed to watch the sequences and to decide at the end whether they saw more blue or more green. They answered by pressing one of two keys (left or right press for each response varied and counterbalanced across subjects). Scanning was preceded by a practice session with examples of the four conditions and a key press. Image Acquisition. Imaging was performed by using a 2-Tesla scanner (Siemens VISION, Erlagen, Germany). Structural images were acquired with a T1-weighted sequence (repetition time (TR) ϭ 9.5 s, echo time (TE) ϭ 4 ms, inversion time (TI) ϭ 600 ms, nominal voxel size 1 ϫ 1 ϫ 1.5 mm, 108 axial slices). Functional images were acquired with a gradient echoplanar T2* sequence by using blood oxygenation level-dependent contrasts. The image matrix size was 64 ϫ 64. Each functional image was composed of 32 transverse slices (2.5-mm thickness, 1.3-mm gap, nominal voxel size 3 ϫ 3 ϫ 2.5 mm, TE ϭ 40 ms) covering the whole brain. A total of 518 functional volumes were acquired continuously with an effective repetition time of 2.432 s.
Data Analysis. The data were analyzed with SPM02 (Wellcome Department of Cognitive Neurology; http:͞͞fil.ion.ucl.ac.uk͞ spm). The first five volumes of images were discarded to allow for T1 equilibration. The remaining 513 image volumes were realigned to the first image, sinc-interpolated over time to correct for phase advance during volume acquisition, and normalized to the Montreal Neurological Institute (Montreal) reference brain. The data were spatially smoothed with a Gaussian kernel (8 mm, full width at half maximum) and a high-pass temporal filter with a frequency cut-off at 200 s was applied. Individual events were modeled first by a canonical synthetic hemodynamic response function, its temporal and dispersion derivatives. We used a general linear model to generate parameter estimates for event-related activity at each voxel for each subject in response to the presentation of each if the four stimulus types and the button presses. Movement parameters derived from realignment corrections were also entered as covariates of no interest.
Identification of Activation Loci. Because of our a priori hypothesis regarding the role of the IPS region on the basis of previous studies of number processing (1-13), activations along the IPS, i.e., the sulcus, which is Ϸ7 cm long and Ϸ2 cm deep, located between the transverse occipital sulcus near the parieto-occipital sulcus and the postcentral sulcus (32) are reported as significant at P Ͻ 0.001 uncorrected for multiple comparisons. We accepted a level of significance of P Ͻ 0.05 corrected for multiple comparisons [FamilyWise Error (FWE)] for all other brain regions.
Given the difference between the duration of the spatial (Ϸ0.6 s) and the temporal (Ϸ9 s) presentations, two subtraction analyses were initially performed separately for each modality (numerosity processing vs. extent processing), followed by a conjunction analysis for identification of areas that were activated more by numerosity processing than by extent processing in both the temporal and spatial presentations. Finally, two parametric analyses tested whether the previously identified areas (numerosity processing vs. analogue processing in both the temporal and spatial presentations) exhibited a linear increase in activation with increasing task difficulty. 
